Dry cask storage systems (DCSS) are widely used worldwide for storage of spent nuclear fuel (SNF). Particularly, in the United States, other than the SNF pools, DCSS are the only means for storage of SNF. In the United States, the DCSS are licensed for an initial 20 years (with a possible extension of 40 years). The absence of a long-term (or permanent) storage facility has brought up concerns regarding the long-term performance of DCSS, which may now have to be used for extended durations reaching over 100 years. The DCSS with an exposed concrete overpack account for approximately 61% of the DCSS inventory in the United States. The corrosion of the steel reinforcing bars (rebar) and the alkali-silica reactivity (ASR) of concrete have been identified as two of the main degradation mechanisms. In this paper, the accelerated aging of reinforced concrete (RC) overpacks of a vertical DCSS is evaluated experimentally at the structural scale. Three 1/3-scale specimens were fabricated. The first specimen was built using a conventional selfconsolidating concrete to serve as a control. The second and third specimens were prepared using special concrete mixtures, designed to accelerate the corrosion of rebar and ASR. All three casks were observed for 2 years for aginginduced deterioration using various non-destructive approaches including visual inspection, half-cell potential, Schmidt hammer, and ultra-sonic pulse velocity (UPV) measurements. The RC overpacks have been observed to exhibit significant distress due to these aging mechanisms. The overall conclusion is that accelerating ASR and corrosion through use of reactive aggregates and/or addition of chemicals (NaOH and CaCl 2 in this particular case) is a viable and practical approach for large-scale studies. Although accelerated aging of concrete structures have been extensively studied in the literature, this is one of the first studies on the long-term degradation in DCSS due to corrosion and ASR.
Introduction
Most nuclear power plants (NPP) in the United States were constructed between 1965 and 1980. In these NPPs, the fuel assemblies are typically replaced every four to six years, and the spent nuclear fuel (SNF) is stored in storage pools temporarily for radiation shielding and cooling. The pools have limited capacity; therefore, in a decade or so after becoming operational, additional storage of SNF was needed for most NPPs. In mid-1980's the utilities have started building sites for dry storage as an interim solution (Rigby, 2010) . The initial plan was to store the SNF in temporary (pools) and interim storage (dry casks), then move them to a reprocessing plant or a permanent geological repository. A reprocessing plant, near Buffalo, New York, operated in the United States from 1966 until 1972; however, it was shut down permanently for not satisfying revised regulatory requirements of the time (CBO 1977; Andrews 2008) . Further interest in commercially reprocessing the SNF diminished in the United States (Chopra et al. 2013) . The plan to permanently store the highly reactive nuclear waste has been debated since 1954. In 1960, the Atomic Energy Commission (AEC) proposed the use of a salt mine in Lyons, Kansas, which got suspended in 1972 due to technical difficulties (Andrews 2006; YuccaMountain 2016) . A geologic repository at Yucca Mountain, Nevada, was proposed as an alternative option in 1986. However, the prospects of this second alternative also remain unclear up to this day (U.S. NRC 2015b) . These delays and uncertainty in long-term storage and no reprocessing of the used fuel render the dry storage the only option currently in the United States. A complete cycle of nuclear fuel is shown in Fig. 1 . As of writing of this paper, stages 9 through 11 do not take place in the United States.
In the United States, currently there are over 1,850 dry cask storage systems (DCSS) in 34 states at 75 sites (Howard and Akker 2014; U.S. NRC 2015a) . Over next few decades, SNF, at increasing numbers, will have to be transferred from the pools to DCSS, and if the SNF production rate stays the same, by the time the last operating reactor is decommissioned in 2055, there will be approximately 140,000 metric tons of waste in DCSS (U.S. GAO 2012), see Fig. 2 . This will increase the number of DCSS to 9,300. DCSSs may be categorized into two: non-canistered designs where the fuel assemblies are directly loaded into the cask and canister-based storage systems where fuel assemblies are contained in large multi-assembly canisters and inserted into an overpack (Chopra et al. 2013) . Certain cask configurations are designed for dual purpose (both storage and transportation) while others can only be used for storage. These storages rely on concrete or steel, or both for shielding the nuclear radiation and heat. Both vertical and horizontal configurations are available. For shielding, the horizontal configurations rely on a metal canister inside a concrete storage module, while the vertical configurations use metal, concrete or metal and concrete overpacks. The categorization of DCSS by the International Atomic Energy Agency (IAEA) is shown in Table  1 ( IAEA 2007a, b) .
The initial licensing term approved by the U.S. Nuclear Regulatory Commission (NRC) for dry storage is 20 years, which may be extended another 40 years (NEI 2014; U.S. NRC 2016) . However, in the absence of a permanent storage facility, these casks might be used for longer periods. Therefore, it is important to understand the long-term performance of DCSS, particularly, the impacts of material aging. The majority of commercial SNF is stored in concrete storage casks or modules. As of 2012, 60.6% of casks had an exposed reinforced concrete (RC) overpack. Therefore, this study focused on DCSS with an exposed RC overpack. Out of all DCSS with an exposed RC overpack, 62.84% are in a horizontal and 37.26% are in a vertical configuration (Lambert Leduc 2012) . In this study, we focused on a vertical configuration for its higher vulnerability to other events such as tip-over impact in the case of a hazard. Like any other structure, DCSS should be capable of performing their intended function (i.e., safe storage of SNF) throughout their lifetime. DCSS are subjected to harsh environmental conditions including high internal temperatures, radiation, and exposure to weathering effects from outside; therefore, aging management is necessary to maintain a high level of safety, and continued operation. The degradation of cask materials depends on the environmental conditions. As concrete matures, its microstructure changes constantly, starting with cement hydration and continuing with the crystallization of amorphous constituents, and reactions between cement, paste, aggregate and reinforcing steel. Concrete may also deteriorate because of its interaction with the environment and exhibit distress due to shrinkage, creep, corrosion of reinforcing steel, and alkali-silica reactivity (ASR) of aggregates. These mechanisms affect the concrete, the steel and the interface properties, and reduce structural performance under mechanical loading such as impact. IAEA (1998) and Naus (2007) address potential aging mechanisms, age-related degradation, and aging management for the concrete containment structures for NPPs, which can be extended to DCSS. The degradation factors and their effects are shown in Table 2 (IAEA 1998; Naus 2007) .
One of the most common degradation mechanism in RC DCSS is the corrosion of steel reinforcement (rebar) (Naus et al. 1996) . Most NPP (hence the sites for DCSS) are located close to a marine environment and the wind carries the chloride ion into the land (Cicek 2013) . ASR may also cause serious safety problems for DCSS due to higher temperatures inside the concrete resulting from the decay heat of the SNF and being exposed to high levels of relative humidity in outdoor conditions. As mentioned earlier, these two degradation mechanisms are investigated in this paper for RC overpacks of DCSS.
ASR in concrete were studied extensively using accelerated aging methods (Diamond and Ong 1994; Smaoui et al. 2005; Poole 2007; Temuujin et al. 2009; Garci Juenger and Jennings 2011; Nuruddin et al. 2011; Bahadure and Naik 2013; Gao et al. 2013; KupwadePatil and Allouche 2013; Memon et al. 2013) . However, these studies were conducted at the material level (or in other words on small-scale specimens). In these studies, in addition to use of high levels of alkali, the specimens were conditioned in high temperature with or without the application of sodium hydroxide solutions. Similarly, to accelerate corrosion, at the material level, different method such as submerging small specimens in saline solutions, passing a current or mixing salts with concrete were used (Diamond 1986; Helmuth et al. 1993; Pakshir and Esmaili 1998; Kelestemur and Yildiz 2006; Wang et al. 2006; Anacta 2013) . However, except for the last one, these methods are not applicable for largescale investigations. There have been a handful of studies in literature on accelerated aging of structural members for ASR and corrosion (Folliard et al. 2006; Deschenes et al. 2009; Talley et al. 2016) . These studies were focused on structural components (e.g., bridge bent caps and columns). Therefore, the significance of this study is in the assessment of an important structural type under accelerated aging. To our knowledge, there are no other similar studies performed on DCSS overpacks where aging induced deterioration due to corrosion and ASR were studied at this scale. 
Experimental program
Three different mixtures were used to study the effect of aging on the DCSS. The first mixture was a regular selfconsolidating concrete (SCC) and used as the control. Based on a literature review (Stanton 1943; Jones and Tarleton 1958; Ferraris 1995; Smaoui et al. 2005 ; Bahadure and Naik 2013), it was decided to accelerate ASR by adding 0.8% NaOH by weight of cement and by removing the fly ash from the mixture. The corresponding Na 2 O equivalent in cement was 0.49%. In addition, reactive fine aggregate (river sand) and nonreactive coarse aggregate (pea gravel) were used in all the mixtures. The addition of 0.8% NaOH to the concrete mixture decreased the setting time by 16% and compressive strength at 28 days by 36% in comparison to the control mixture. To accelerate corrosion, first the influence of adding different amounts of chloride to concrete on the fresh (i.e., setting time) and hardened properties (i.e., compressive strength) was studied. It was determined that 4% chloride ion by weight of cement is the highest amount that results in a reasonable setting time (37% reduction compared to control) and acceptable concrete strength (24% reduction compared to control at 28 days). These mixtures with 0.8% of NaOH and 4% chloride ion by weight of cement are referred to as NaOH-8 and CaCl 2 -4, respectively. The dimensional information of the prototype and the scaled (2.83 scale-factor) physical cask are provided in Table 3 . The prototype cask information is based on a review of most commonly used commercial cask designs with an exposed RC overpack. The cask geometry is shown in Fig. 3 where the main components are identified. Note that the rebar cage is removed from the drawings for clarity and it is shown separately in Fig. 4 .
The concrete cover was equal to 40 mm in the scaledcasks and #10 rebar (9.5 mm diameter) was used as both vertical and horizontal reinforcement. Only one layer of circumferential (horizontal) reinforcement was used (note the difference in ing was conducted. They were placed around the steel liner in the Laboratory, see Fig. 5(a) , before the concrete molds are assembled as shown in Fig. 5(b) . The three concrete mixtures: two identical SCC mixtures with 25% flay ash replacement of cement and one SCC mixture with no fly ash replacement of cement were delivered separately in three ready-mix trucks. NaOH powder was added to the fresh SCC mixture with no fly ash to accelerate ASR, and mixed inside the truck for 15 min before casting. Similarly, CaCl 2 flakes were added to one of the SCC mixtures with fly ash to accelerate corrosion. Thereafter, casks were poured and formwork was sealed with plywood and plastic sheets to prevent rapid loss of moisture. Twenty-eight days after casting, the formwork was removed. A picture of the three cask models is shown in Fig. 5(c) . The temperature and relative humidity were continuously measured during the testing period of 1.5 years, the temperature varied between 4°C and 37°C, and the relative humidity varied between 30% and 100%. The self-consolidating concrete mixtures were designed to be cohesive enough to fill spaces of almost any size and shape without segregation or bleeding. The results of the tests performed on the fresh concretes are shown in Table 4 . The results presented here are the average of at least three measurements. The slump, density and setting time were measured based on ASTM C1611 (2009c), ASTM C1688 (2013a), and ASTM C403 (2008), respectively. The differences in the slump values were mainly attributed to differences in the concrete batches and mixture proportions; however, the addition of chemicals may have also altered the slump. It is noted here though that the latter is not explicitly studied in this research. The density of the three mixtures was found to be very similar. It was seen that the setting time decreased substantially for the CaCl 2 mixture. The effect of NaOH on the setting time was less Fig. 7 . The aging-induced deterioration of the casks was monitored through a series of non-destructive tests: visual inspection, ultrasonic pulse velocity (UPV), and half-cell potential over a period of 1.5 years. The test plan is given in Table 5 .
Results and discussion
To determine the variation of compressive strength over the height of the casks, a Schmidt hammer test was performed at 370 days. The Schmidt hammer measurements were calibrated using the actual compressive strengths obtained from material testing such that the mean value along the height be the same as the average of the material test results at 365 days. It is noted here that the purpose of the Schmidt hammer test was to do a relative comparison of the strength along the height of the cask. To convert the Schmidt hammer index ob- Monthly measurements after 163 days of age Half-cell potential: Monthly measurements after 168 days of age *UPV and half-cell potential measurement was performed on all three casks tained from the instrument, the cylinder strength was used. It is not intended here to study the accuracy of Schmidt hammer testing or to relate the cylinder tests to actual field strength. The strength using a Schmidt hammer was measured at ten equally spaced locations along the height of the cask. Ten measurements were collected around each location and the results were averaged. The results of these measurements are shown in Fig. 8 . Before calibration, the SCC cask showed the highest strength and NaOH-8 cask shows the lowest strength, which was in line with the material tests. In all three casks, the strength was found to decrease along the height of the casks from bottom to top. This is attributed to the settlement of the coarse aggregate towards the bottom of the casks since the casting was done from the top and a self-consolidating mixture was used. Although some variation along the height is observed, the strength at the bottom was approximately 17%, 28% and 30% higher than that at the top for the SCC, NaOH-8 and CaCl 2 -4 casks, respectively.
Cracks have been observed on the NaOH cask approximately 90 days after casting. Similar crack pattern to those from ASR can also be seen from different processes such as drying shrinkage, freezing/thawing cycles and sulfate attack. For the given exposure conditions in this study, the only possible mechanisms left for such cracks are the drying shrinkage and ASR (no presence of sulfates or temperature below freezing). To ensure and verify that the source of cracks on the casks is ASR, the following was performed. (1) The casks were kept in the forms for 28 days after pouring and therefore, the loss of moisture was been prevented during this period, which significantly reduces the drying shrinkage. (2) The concrete was reinforced with steel at a ratio higher than minimum shrinkage reinforcement requirement which reduces the likelihood of the cracks due to shrinkage. (3) SEM/EDS analysis were performed on concrete samples and gel formation was observed around the aggregates. Observation of ASR cracks at 90 days of age indicates that the ASR process was accelerated considerably given that in regular structures it takes approximately 10 years until the appearance of first cracks (IStructE, 2010) . The crack maps for ASR accelerated cask at 517 and 591 days are shown in Figs. 9(a)  and (b) , respectively. It is seen that the density of cracking increased with time and higher crack density was observed towards the top of the cask potentially due to lower concrete strength in that region as explained above. The crack widths remained between 0.05 mm and 0.1 mm over the measurement period.
On the CaCl 2 -4 cask, the first cracks were visually observed after around 120 days. The crack propagation over time on the CaCl 2 -4 cask is shown in Fig. 10 . After less than a year, there was extensive cracking on the casks and several of the cracks had coalesced. The propagation of the cracks were in the same direction with the rebar, which indicates that the cracks were due to pressure generated by the corrosion products. The crack width was measured at 23 randomly chosen points on the casks, and the change over time in the average ) b ) a Fig. 9 Crack propagation on cask with NaOH-8 mixture (a) 517 days (b) 591 days. crack width is shown in Fig. 11 . It is seen that at 569 days (i.e., the last measurement) the cracks were 0.33 mm wide on average with the largest and smallest measurements being 0.1 mm and 1.0 mm. ASR and corrosion crack propagation is affected by the size, distribution and amount of the reinforcement. Lollipop specimens were prepared with both #10 (bar diameter of 9.52 mm) and #19 (bar diameter of 19.05 mm) reinforcing bars with concrete covers of 38.1 mm and 63.5 mm, respectively. In both cases of ASR and corrosion, the crack density was lower in specimens with more concrete cover and larger size of reinforcement. The increase in crack width due to corrosion in specimens with #19 rebar was less compared to those with a #10 rebar. These findings are in line to what has been reported in the literature (Houston et al. 1972; Rasheeduzzafar et al. 1992; Du et al. 2014) .
The half-cell potential was measured to evaluate the probability of corrosion in each of the casks and the results are presented in Fig. 12 . At each measurement date, more than 150 points were read on one-half of the cask along a grid of lines. The measurements were consistent at different locations on the casks; therefore, in Fig. 12 , only the average of these measurements (in a 1.5 year time period) is shown. Half-cell potentials in SCC and NaOH-8 casks were similar and always higher than -200mV/CSE, which indicates that the probability of corrosion is less than 10%. On the other hand, this measurement for CaCl 2 -4 cask was always lower than350mV/CSE that shows that the probability of corrosion is more than 90%. As an overall trend, the half-cell potential has decreased over time, which is an indicator of increased corrosion activity in the CaCl 2 -4 cask. The UPV was measured at three different levels and on two sides of each cask as shown in Fig. 13 . The average of UPV measurements over time is shown in 14 along with the temperature and relative humidity measurements during the same period. These results indicated a higher velocity in the SCC cask compared to NaOH-8 and CaCl 2 -4 casks, which had similar UPV values. These findings were consistent with the material testing and Schmidt hammer measurements. These measurements also indicate that there is a strong correlation between the temperature and the UPV values. However, since the variation of relative humidity was almost constant through time, its effect could not be quantified. The UPV results were not able to capture any degradation in concrete properties due to aging at this scale in contrast to what was initially thought because of their sensitivity to moisture content, temperature and the presence of rebar and other minor defects inside the concrete around the measurement locations.
Conclusions
Based on the findings of this study, the following conclusions are drawn:
• Adding NaOH to the concrete mixture, removing any supplementary cementitious materials with alkalisilica reactivity (ASR) suppression characteristics (e.g., fly ash) and using reactive fine aggregate could be used as an effective method to accelerate ASR at the structural level. An 8% addition of NaOH by weight of cement into the fresh concrete reduced the time to first observation of ASR distress from tens of years to approximately 90 days. However, the concrete strength with this special mixture reduced by approximately 36% at 28 days compared to control self-consolidating concrete (SCC).
• Similarly, it was observed that the direct addition of CaCl 2 is an effective way of accelerating the corrosion-induced aging. In this study, corrosion cracks were observed at approximately 120 days of age with 4% addition of CaCl 2 by weight of cement into the fresh concrete. However, it was seen that the concrete strength reduced by 24% at 28 days in comparison to the control SCC mixture. The CaCl 2 and SCC mixtures were identical except for the addition of chloride; therefore, all of this reduction was due to the presence of chloride.
• The average width of cracks in CaCl 2 cask increased from about 0.1 mm to 0.3 mm in approximately 1 year, and the maximum crack width reached to 1.0 mm.
• Rebound hammer tests showed an increase in strength towards the bottom of the cask. This is attributed to the casting of the self-consolidating concretes from the top, which resulted in a higher coarse aggregate content towards the bottom due to settlement. This variation in strength has also resulted in the observation of higher crack density at the top of both NaOH and CaCl 2 casks.
• Adding chloride or alkaline to the mixture decreased the setting time of the concrete by 37% and 16％, respectively in comparison to the control SCC mixture. Addition of chloride also increased the hydration temperature by 5%.
• Although not studied directly as a part of this paper, it is expected that environmental aging due to ASR and corrosion observed in these tests will impact the structural performance of the casks, particularly, in the case of impact (e.g., a tip-over event). On the other hand, it is not anticipated that the thermal or radiation shielding performance will be effected from environmental aging. Testing and quantitative analysis on combined effects of environmental aging and mechanical or shielding performance remain as a future research topic. Fig. 14 (a) UPV measurement on casks (b) temperature from 100 to 600 days (c) relative humidity from 100 to 600 days.
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